1. Introduction {#section0005}
===============

Hepatitis C virus (HCV) is a member of the *Flaviviridae* family and is the causative agent of both chronic hepatitis and hepatocellular carcinoma (HCC) [@bib1], [@bib2], [@bib3]. 170 million people are infected with HCV worldwide [@bib4], [@bib5]. Despite prevention efforts and advanced treatment strategies, including combined PEGylated alpha interferron (PEGIFN-α) and ribavirin therapy [@bib6], [@bib7], the clinical efficacy of this treatment is limited [@bib8], [@bib9]. Alternative novel antiviral agents that have been shown to elicit effective responses in chronically infected patients, such as inhibitors of viral protease, helicase, and polymerase, are currently being developed but are expensive [@bib10]. Therefore, the development of an effective vaccine that either induces the production of high-titer, long-lasting, and cross-reactive neutralising antibodies or induces a cellular immune response is important.

Immunological approaches to control HCV infection have proven to be ineffective, in part because HCV adapts to escape from the host immune system [@bib11]. Furthermore, a high percentage of immunocompetent individuals are infected by HCV despite their ability to mount an active immune response [@bib12]. A preventive HCV vaccine is required to protect unexposed individuals from HCV infection. This vaccine will most likely need to target the viral envelope glycoprotein, E1 and E2, and must also be bivalent, safe, and provide long-lasting protective immunity. To address this challenge, we evaluated the immunogenicity of a live-attenuated recombinant vector derived from the pediatric measles virus (MV) that expresses HCV antigens. The MV vaccine is a well-known, live-attenuated vaccine and has proven to be one of the safest, most stable, and effective human vaccines [@bib13]. This vaccine is produced on a large scale in many countries and used at low cost through the Extended Program on Immunisation of the WHO [@bib14], [@bib15]. While this vaccine has been shown to induce life-long immunity with a single dose, boosting is effective. Efforts to develop vaccines using recombinant MV expressing different proteins derived from dengue virus [@bib16], [@bib17], human immunodeficiency virus (HIV) [@bib18], [@bib19], [@bib20], [@bib21], Human papilloma virus (HPV) [@bib22], Severe acute respiratory syndrome (SARS) [@bib23], or West Nile virus (WNV) [@bib24] have been described. We constructed a recombinant MV expressing the E1 and E2 envelope glycoproteins of HCV (rMV-E1E2) [@bib25] and demonstrated that this virus could infect B95a cells and express HCV E1.

HCV research has long been hampered by the lack of an animal model that reproduces HCV infection in humans. The model in which severe combined immunodeficient (SCID) mice are transplanted with human peripheral blood leukocyte (PBL) is a well-established system to study human immunity (hu-PBL-SCID). This mouse develops all human lymphoid cell lineages that repopulate the animal\'s lymphoid organs. Our group previously generated the non-obese diabetic (NOD)/SCID/Janus kinase 3 (Jak3) knockout (NOJ) mouse model and then established a human hemolymphoid system in this mouse [@bib26], [@bib27]. In this study, we infect human PBL-transplanted NOJ mice with MV and rMV-E1E2 and then characterise the humoral immune responses elicited by the transplanted human cells, in order to evaluate rMV-E1E2 as a vaccine candidate.

2. Materials and methods {#section0010}
========================

2.1. Cells {#section0015}
----------

B95a cells, a marmoset B cell line [@bib28], were used for viral titration and rescue, and were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated foetal calf serum (FCS).

2.2. Plasmid construction and viral rescue {#section0020}
------------------------------------------

The cDNAs encoding HCV E1 and E2 were obtained from the plasmid HCR6CNS2 [@bib29]. We used replication-competent MV-based vectors (pMV; Edmonston B strain of MV) [@bib25]. The E1 and E2 cDNAs were cloned into the *Fse* I site of pMV and the resulting clone, pMV-E1E2, was used to rescue the infectious recombinant MV expressing the HCV envelope glycoproteins (rMV-E1E2), as reported previously [@bib30].

2.3. Generation of humanised mice {#section0025}
---------------------------------

Mice were reconstituted as described previously [@bib26], [@bib27]. The NOD/SCID/JAK3^null^ strain was established by backcrossing JAK3^null^ and the NOD Cg-Prkdc^Scid^ strains for ten generations. All animal experiments were performed according to the guidelines of Institutional Animal Committee or Ethics Committee of Kumamoto University.

2.4. Preparation of human blood leukocytes and transplantation {#section0030}
--------------------------------------------------------------

Peripheral blood leukocytes were isolated from blood donors using Ficoll--Hypaque density gradient centrifugation. A total of 5 × 10^6^ cells were transplanted into the spleen of irradiated (2 Gy) 4-week-old mice.

2.5. MV and MV-E1E2 infection {#section0035}
-----------------------------

We injected 10^0^--10^5^  pfu of MV or 10^0^--10^2^ or 10^4^  pfu of MV-E1E2 intraperitoneally for MV and MV-E1E2 infection, respectively. As a negative control, a group of mice was injected with RPMI 1640. Mice were monitored for 2 weeks and then euthanised. The spleens and peripheral blood were collected for analysis.

2.6. Flow cytometry {#section0040}
-------------------

Isolated splenocytes were stained with APC-Cy7-conjugated anti-mouse CD45 (BD Pharmingen) to detect the murine leukocytes and either APC- or pacific blue- conjugated anti-human CD45 (DAKO) to detect human leukocytes. All data were analysed using FlowJo (Tree Star).

2.7. Confirmation of viral infection {#section0045}
------------------------------------

The viral infection of the human leukocytes was confirmed using co-culture with B95a cells followed by RT-PCR. Suspensions of isolated splenocytes were co-cultured with B95a cells and the formation of cytopathic effects (CPEs) was monitored for 2 weeks. Additionally, RNA was isolated from the supernatant of the co-cultures using ISOGEN-LS (Nippon gene) according to manufacturer\'s instructions. MV RNA was detected using reverse transcript-PCR (RT-PCR) with the sense primer, 5′-ACTCGGTATCACTGCCGAGGATGCAAGGC-3′ (1256--1284) and anti-sense primer 5′-CAGCGTCGTCATCGCTCTCTCC-3′ (2077--2056) or 5′-atggcagaagagcaggcacg-3′ (1807--1826). HCV E1 or E2 was amplified using E1-S-1051 5′-ccgttgctgggtggcactta-3′ and E1-AS-1314 5′-atcatcatgtcccaagccat-3′ or E2-S-1600 5′-ctggcacatcaacaggactg-3′ and E2-AS-1960 5′-aaggagcagcacgtctgtct-3′.

2.8. ELISA {#section0050}
----------

Anti-MV antibody titers were determined by using an ELISA assay. 96-well plates were coated with a 25 μg/ml solution of MV-infected B95a lysate or recombinant E2-expressing baculovirus-infected Sf9 lysate as antigen, respectively. The plates were consecutively incubated with sera (1:100) recovered from hu-PBL-NOJ mice, peroxidase-conjugated rabbit-human IgG (DAKO), and TMB Peroxidase EIA Substrate Kit (Bio-Rad) at 37 °C for 1 h. Optimal density values were measured at 450 nm.

An anti-MV-NP antibody (Millipore, MA, USA) and normal mouse serum (NMS) were used as positive control and negative control respectively.

2.9. Western blot analysis {#section0055}
--------------------------

Total protein extracts from E2-expressing baculovirus-infected Sf9 lysate were separated by SDS-PAGE. The primary antibodies used for Western blots were as follows: sera from mice (1:100) and anti-E2 monoclonal antibody (1:5000). Peroxidase-conjugated secondary antibodies were added and incubated with the mixture for 1 h at room temperature.

3. Results {#section0060}
==========

3.1. Construction of recombinant measles virus expressing E1 and E2 {#section0065}
-------------------------------------------------------------------

The HCV genes corresponding to the envelope proteins E1 and E2 were sub-cloned in between the N and P genes of the MV vector ([Fig. 1](#fig1){ref-type="fig"}A). The HCV E1 and E2 genes included the putative signal peptide sequences at the N terminus and the transmembrane domain at the C terminus [@bib31]. The plasmid vector pMV-E1E2 was introduced with supporting plasmids into 293T cells to rescue the recombinant viruses. The expression of the E1 and E2 proteins by rMV-E1E2 was examined by Western blot ([Fig. 1](#fig1){ref-type="fig"}B) and immunofluorescence ([Fig. 1](#fig1){ref-type="fig"}C).Fig. 1Construction of the recombinant MV vectors. (A) The rMV full genome vector derived from the MV-Ed strain is illustrated in the upper panel and is labelled with letters as follows: N, nucleocapsid; P, phosphoprotein; M, matrix; F, fusion; H, hemagglutinin; and L, large. T7 indicates the T7 RNA polymerase promoter. The cDNA encoding the HCV envelope glycoproteins (E1 and E2) containing the signal peptide sequence (SP) and the transmembrane domain (TMD, underlined) regions, the N gene end signal (E), the P gene start signal (S), and the intercistronic region of the H protein genes at the 5′ end, which was flanked by Fse I sites at both ends, was introduced into the unique Fse I site in between the N and P genes in the pMV vector. The resulting plasmid was designated pMV-E1E2. (B) The HCV E1 and E2 proteins were detected in rMV-E1E2-, rMV-Ed- and mock-infected B95a cells by western blot with MoAb 384 and 544 (arrows). (C) rMV-E1E2-infected B95a cells were stained with MoAb 299 (anti-E1) or MoAb 187 (anti-E2) and analysed by immunofluorescence. Nuclei were stained with Topro-3 and the bright field and merged images are indicated (400×).

3.2. Infection of hu-PBL-NOJ mice with MV and rMV-E1E2 {#section0070}
------------------------------------------------------

All hu-PBL-NOJ mouse infections were observed for 14 days ([Fig. 2](#fig2){ref-type="fig"}A). Infections with MV and rMV-E1E2 were confirmed by first co-culturing the human leukocytes isolated from the spleens of infected mice with B95a cells and then verifying the presence of virus by RT-PCR. In all the MV (10^3^--10^4^  pfu) or rMV-E1E2 (10^4^  pfu)-infected hu-PBL-NOJ mice, CPEs were observed in co-cultures with splenocytes ([Table 1](#tbl1){ref-type="table"} ; [Fig. 2](#fig2){ref-type="fig"}B). The results of the co-culture assays are in agreement with results that were obtained by RT-PCR; positive bands were observed in the mice infected with 10^3^--10^4^  pfu of MV and 10^4^  pfu of rMV-E1E2 ([Fig. 2](#fig2){ref-type="fig"}C). These results demonstrate that the rescued MV and rMV-E1E2 are able to infect transplanted human PBL.Fig. 2Infection of hu-PBL-NOD/Scid mice with rMV and rMV-E1E2. (A) Course of infection of hu-PBL-NOD/SCID mice with MV and rMV-E1E2. (B) CPE formation in co-cultures of splenocytes isolated from MV- (MV1, 2), rMV-E1E2-, or mock-infected hu-PBL-NOD/SCID and B95a cells (40× magnification). (C) Detection of viral RNA by RT-PCR. Detection of MV in MV-1- or 2-infected mouse splenocyte co-cultures (820 bp) and rMV-E1E2-infected splenocyte co-cultures (564 bp), and HCV E1 (263 bp) and E2 (360 bp) in rMV-E1E2 (10^4^ pfu)-infected splenocyte co-cultures (arrows).Table 1Summary of MV and MV-E1E2 infection of hu-PBL-NOJ mice.VirusAmount of virus (PFU)No. testedCPERT-PCRMockMedium70/70/7MV10^0^30/30/310^1^30/30/310^2^30/30/310^3^22/22/210^4^22/22/2  MV-E1E210^0^30/30/310^1^30/30/310^2^30/31/310^4^44/44/4

3.3. Proportion of engrafted human leukocytes in MV- and rMV-E1E2- infected hu-PBL-NOJ mice {#section0075}
-------------------------------------------------------------------------------------------

We also examined the splenocytes of infected mice simultaneously, using flow cytometry to determine the proportion of human cells in the spleen ([Fig. 3](#fig3){ref-type="fig"} , [Table 2](#tbl2){ref-type="table"} ). In the MV-infected hu-PBL-NOJ mice, a population of human leukocytes was observed in the mice that were infected with 10^0^--10^1^  pfu, whereas few human leukocytes were observed in mice infected with 10^2^--10^4^  pfu. In contrast, in the rMV-E1E2-infected mice, a population of human leukocytes was detected in mice that were inoculated with 10^0^--10^2^  pfu. The ratio of human leukocytes settlement in both groups of mice was inversely correlated with the results from the RT-PCR and co-culture assays ([Table 1](#tbl1){ref-type="table"}).Fig. 3Flow cytometric analysis of splenocytes isolated from hu-PBL-NOJ mice inoculated with medium, MV-Ed (10^0^--10^4^ pfu), or rMV-E1E2 (10^0^--10^2^ or 10^4^ pfu). Splenocytes, consisting of both human and murine cells, were stained with antibodies against human or mouse CD45. Representative flow cytometric profiles of each group of infected mice are shown. The percentages of mouse and human leukocytes are shown.Table 2Proportion of human peripheral leukocytes in the spleen of MV-, rMV-E1E2, or mock-infected hu-PBL-NOJ mice.VirusAmount of virus (PFU)No. testedhuPBL settlement (average ± S.D.%)MockMedium690.9 ± 13.1MV10^0^392.7 ± 11.210^1^358.4 ± 50.610^2^355.1 ± 49.910^3^44.9 ± 610^4^21.7  MV-E1E210^0^279.610^1^296.010^2^356.2 ± 36.210^4^30.34 ± 0.4

3.4. Humoral response of MV- and rMV-E1E2-infected hu-PBL-NOJ mice {#section0080}
------------------------------------------------------------------

To examine the immune response against MV and rMV-E1E2 by the transplanted human PBLs, we measured human MV- or HCV-specific antibodies using an ELISA with an MV-infected B95a cell lysate ([Fig. 4](#fig4){ref-type="fig"}A) or recombinant HCV E2 protein ([Fig. 4](#fig4){ref-type="fig"}B). A significant amount of human antibody against MV antigens was detected in the sera from mice that were infected with MV (10^0^--10^1^  pfu) or rMV-E1E2 (10^1^--10^2^  pfu) ([Fig. 4](#fig4){ref-type="fig"}A and B). However, only one mouse, which was infected with 10^2^  pfu of rMV-E1E2, generated human antibodies against HCV E2 ([Fig. 5](#fig5){ref-type="fig"}A). The antibody responses in this mouse were confirmed by Western blot analysis ([Fig. 5](#fig5){ref-type="fig"}B).Fig. 4Detection of human MV-specific antibodies in the serum of rMV- or rMV-E1E2-infected mice. (A) Serum (1:100) from MV-infected mice (10^0^--10^1^ pfu) was analysed by ELISA using an MV-infected B95a cell lysate as the target. An anti-MV-NP antibody was used as a positive control and NMS indicates normal mouse serum. The asterisk (\*) indicates a significant reaction (*p* \< 0.01) compared to the medium alone control. (B) Serum (1:100) from rMV-E1E2-infected mice (10^1^--10^2^ pfu) was analysed by ELISA. An anti-MV-NP antibody was used as a positive control and NMS indicates normal mouse serum. The double asterisk (\*\*) indicates a highly significant reaction (*p* \< 0.001) compared to NMS and a single asterisk (\*) indicates a significant reaction (*p* \< 0.05) compared to NMS.Fig. 5Detection of E2-specific antibodies using ELISA and western blot. (A) Baculovirus-expressed E2 protein was used as the ELISA antigen and serum (diluted 1:100) from rMV-E1E2-infected mice (10^1^--10^2^ pfu) was analysed. Anti-E2 monoclonal antibody (MoAb 544) was used as positive control. The asterisk (\*) indicates a significant reaction (*p* \< 0.05) compared to NMS. (B) An anti-E2 monoclonal antibody (MoAb 544), serum from rMV-E1E2 infected mice (1:100), or normal mouse serum (1:100) was used as primary antibodies in a western blot to detect baculovirus-expressed E2 protein. The triangles indicate bands that correspond to HCV E2.

4. Discussion {#section0085}
=============

The development of a vaccine against HCV has relied on several tools, including recombinant proteins and peptides that are derived from HCV antigens [@bib12], [@bib32], [@bib33], [@bib34]. HCV E1 E2 proteins play essential roles in the entry of HCV into host cells. Therefore, these proteins represent ideal targets for neutralising antibodies to block viral entry.

Several studies have used the measles virus as a vector for expression of other viral proteins [@bib16], [@bib17]. In this study, we examined the infectivity of a rescued Edmonston B strain of MV and a recombinant rMV-E1E2 that was constructed using reverse genetics [@bib25], [@bib30]. We demonstrate that these viruses can infect hu-PBL-NOJ mice. This is the first report demonstrating that rescued virus, including a recombinant virus, can infect hu-PBL-NOJ mice. Furthermore, an adequate viral titer could control the generation of antibodies in these mice. Based on the flow cytometry data, most of the human leukocytes disappeared following infection with high virus titer (10^3^--10^4^  pfu) and human antibody was not detected in these mice (data not shown). In contrast, a population of human leukocytes was detected in the mice that were inoculated with a lower dose of virus (10^0^--10^2^  pfu). In addition, we could detect human antibodies in the serum of mice that were infected with a low dose of virus, suggesting that this viral titer range is suitable for the induction of an antibody response that targets rMVs in the hu-PBL-NOJ mouse system. This range of virus concentration is adequate for antibody production and the resulting antibody response might suppress the viral growth of 10^0^--10^1^  pfu MVs in hu-PBL-NOJ mice.

The humanised mouse is a promising model for studying the transmission of the live, attenuated Edmonston B strain of the measles virus. There have been several reports detailing the infection of experimental transgenic mice that expresses human CD46 and CD150 with some strains of measles virus [@bib35], [@bib36]. However, unlike in other animal models, a population of human cells is the target of the virus in this study. Furthermore, the use of hu-PBL-NOJ mice allows one to monitor the immune response that is generated by human leukocytes against the immunogen. Based on our results, hu-PBL-NOJ mice should be a useful tool for studying the immune response during early MV or rMV-E1E2 infection. Since there is no animal model of HCV infection, monitoring the immune response of human leukocytes permits the accurate evaluation of potential vaccine candidates.

We detected a significant amount of MV-specific antibodies in the rMV-E1E2-infected mice (*n*  = 3). However, only one mouse produced E2-specific antibodies and no mice produced E1-specific antibodies. This result could be explained by the hypothesis that the immunogenicity of the E1 and E2, especially E1 protein might be lower than the immunogenicity of the MV proteins, an observation that is consistent with previous studies [@bib37], [@bib38], [@bib39], [@bib40].

Further development of the hu-PBL-NOJ mouse model system will allow us to characterise not only the immediate immune response, but also the long-term evolution of the human immune response against measles virus and recombinant measles viruses. This system will make it possible to evaluate the immunogenicity of potential vaccine targets using human PBLs, which is indispensable for the development of an effective vaccine of HCV.
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